The ever-increasing demand for high speed optical communication networks is driving the development of new photonic devices that can process optical signals in a reliable, low-cost manner. Among competing technologies, Si-based devices have emerged as one of the main candidates for such applications, and several devices, including modulators, [1] [2] [3] [4] [5] add-drop filters, 6 and wavelength division multiplexers (WDM) 7 have already been demonstrated. An important branch of this technology is the ability to program reconfigurable optical circuits. Indeed, a reprogrammable optical circuit that can hold its configuration without an external continuous source is extremely desirable for a multitude of applications ranging from photonic routers to optical cognitive networks. Recently, new solutions for non-volatile photonic memories have been proposed, involving the use of phase-change materials (PCMs) and racetrack resonators. 8, 9 Herein, a non-volatile Si racetrack resonator optical switch is demonstrated. A thin film of the PCM 10 GST, which is commonly encountered in optical and electrical data storage applications, [11] [12] [13] [14] is used to switch the resonant frequency and Q-factor of the resonator. GST shows high optical contrast between its amorphous, covalently bonded, and crystalline, resonantly bonded, structural phases [15] [16] [17] [18] (n cryst À n amorph ¼ 2:5;
19 Moreover, transitions between the two phases can take place on a sub-ns timescale 20, 21 while the resulting final state is stable for several years. These characteristics deem this material appropriate for application in reconfigurable optical circuits.
The device, shown in Fig. 1 , consists of a Si racetrack resonator with a bend radius of 5 lm and a coupling region of 3 lm, on top of which a GST thin film with an area of 3 Â 1.5 lm 2 has been deposited. A second resonator with identical dimensions but free of GST is used as a reference during the measurements. A 200 nm gap separates both resonators from a Si strip waveguide (220 Â 440 nm 2 ) with grating couplers 22 at both ends, which are used to deliver light into the device and monitor the transmitted spectrum using single-mode fibers (SMF). The resonators, waveguides and grating couplers were fabricated on top of a silicon-on-insulator (SOI) substrate with 2 lm of buried oxide using 248 nm deep UV lithography, following a previously developed method. 23 In order to control the overlap of the mode propagating inside the resonator with the GST, a thin buffer layer (50 nm) of SiO 2 was deposited on top of the Si waveguide using plasma-enhanced chemical vapor deposition (PECVD). Subsequently, polymethylmethacrylate resist (PMMA) was spun on the SOI die and the area where the GST was to be deposited was opened using e-beam lithography. A 20 nm thick GST film was deposited into this area using radio frequency (RF) sputtering from two stoichiometric targets of GeTe and Sb 2 Te 3 . X-ray diffraction from other GST films, which were prepared under the same conditions, confirmed the structural phase of the film to be amorphous. To avoid oxidation of this layer and achieve good thermal isolation a 20 nm film of Si 3 N 4 was grown on top of the GST by reactive DC sputtering Si using a mixture of Ar and N 2 as the process gases. The sputtering conditions for these films are summarized in Table I . The sample was then put in an acetone bath for 30 min to remove the PMMA and lift off the excess material. Finally, the device was rinsed with isopropanol and blow dried.
Measurements were performed using the optical set-up shown in Fig. 2 . Phase transitions in the GST layer were triggered by heating a 1 lm spot with focused laser radiation at k ¼ 975 nm. The electrical current driving the laser was maintained at a sub-threshold level during the experiment. Electrical pulses with tunable length and amplitude were generated in a function generator (Agilent 33220 A, 20 MHz) and amplified by a high-gain amplifier (MiniCircuits LZY-22þ, 43 dB gain) before being sent to the laser through a bias-T circuit. The output optical pulses were coupled into a SMF, collimated, and focused down to a diameter of 1 lm on the sample using a 0.6 NA (50Â) objective. Homogeneous illumination of the sample was achieved using a white LED and an aspheric condenser lens and cross-polarizers were used to optimize the contrast of the image. An additional short-pass infrared filter ðk cutoff ¼ 950 nmÞ was added to attenuate the laser beam and avoid damage to the camera. Precise alignment of the laser spot with the GST was achieved by monitoring the reflected laser spot and the sample image with a CCD camera and then using a 3-axis stepper motorized stage to control the sample position and the focus of the 975 nm laser radiation.
Two SMF were used to couple light from a broadband (k min ¼ 1520 nm to k max ¼ 1580 nm) amplified spontaneous emission (ASE) source. The transmitted spectrum was recorded with an optical spectrum analyzer (OSA). Both fibers were cleaved and mounted on holders to ensure 10 incidence with the sample. Optimal coupling to and from the waveguide was achieved using two 3-axis micro-positioners. The device temperature was controlled by placing the sample on top of a thermo electrical cooler (TEC).
The laser pulse time and power for crystallization and reamorphization of the GST film are strongly dependent on the composition, thickness, and the thermal properties of surrounding materials. 24, 25 In order to confirm switching, a planar test sample with the same structure as that found on top of the resonator was fabricated on a SOI substrate. The switching parameters for this sample were then optimized by iteratively increasing the laser pulse time and power. Crystallized marks, which appear as brighter areas in the reflected image due to their higher refractive index, were repeatedly created with a laser power of 12 mW and a pulse duration of 300 ns (FWHM, 80 ns edge), while reamorphization of a crystallized area was achieved with laser pulses of 45 mW and a duration of 20 ns (FWHM, 8 ns edge). The diameter of these spots was approximately the same as the laser beam, i.e., 1 lm. The crystallization of GST is an activated process following an Arrhenius behaviour and therefore the crystallization temperature increases with heating rate, 26 changing from 455 K at a heating rate of 50 KÁs -1 to 625 K at a heating rate of 40 000 KÁs À1 . Herein, crystallization was achieved using 300 ns pulses; thus, the heating rate is on the order of 10 7 KÁs À1 and the transition from the amorphous to the cubic crystalline phase is expected to occur at temperatures higher than 625 K.
A final important step before proceeding with the measurements was to analyze the effect of temperature on the transmission spectrum. Si resonators are sensitive to external variations in temperature, mainly due to the thermo-optic effect in Si. 27, 28 An increase of just 1 C (which increases n eff proportionally) can manifest as a non negligible red-shift in the resonant wavelength. By scanning the temperature from 20 to 30 with the TEC, we found a value for this shift of dk=dT ¼ 71 pm Á K À1 , in agreement with previous studies on similar devices. 29, 30 As will be seen later, this shift is comparable to the increase in k res upon crystallization of the GST film. Therefore, the temperature during the experiment was fixed at 22 6 0.02 C. Fig. 3 shows the full transmission spectrum of the device shown in Fig. 1 with the GST set in its amorphous phase. Since the device contains two resonators in series, the dips in the figure appear grouped in pairs. The left one in each pair corresponds to the resonator with GST and is modified upon phase transitions, while the right one, corresponding to the bare resonator, is used as a reference. Although the amorphous phase of GST has a small extinction coefficient (k amorph ¼ 0.1 at k ¼ 1.55 lm), 19 its presence increases the losses in the resonator, an effect which can be seen by measuring the Q factors of the bare resonator (Q ¼ 6528), and the resonator covered with amorphous GST (Q ¼ 5656).
Starting from this initial state, crystallization pulses with the parameters found above were used to crystallize the GST film. Due to the GST area (3Â1.5 lm 2 ) being larger than the focused laser spot (1 lm), it was necessary to move (1 lm steps) the laser across the area and repeatedly apply the crystallization pulse until the complete area of GST was crystallized. In actuality, this could be achieved with just 3 shots along the axis waveguide (Fig. 4(a) ). The same process was repeated using reamorphization pulses to recover the transmissivity at k ¼ 1.55 lm, thus completing a full cycle (Fig. 4(b) ).
The effect of the structural phase transitions on the device transmission was analyzed using the power transfer function of a racetrack resonator, which is given by
Here, s is the decay constant of the optical mode inside the resonator, which determines the losses a ¼ À2 log s=L, t is the electric field transmission coefficient at the coupler, and / ¼ 2p k Ln eff is the phase shift after one round trip. By fitting the data in Fig. 4 to Eq. (1), it was possible to determine the evolution of these values during one crystallization/reamorphization cycle (see Table II ).
One can see that the optical properties of the final amorphous state are quite similar to those of the initial one, with maximum differences in the values lying around 5%, indicating that the switch performance is robust and reversible. If one considers the out-of-equilibrium nature of the sputter deposition process, then small differences between the optical properties of the as-deposited amorphous state and the laser reamorphized state are to be expected. These differences have been confirmed to remain below 8.5%, the standard for optical recording applications, for more than 5 Â 10 5 switching cycles, 32 and similar performance is expected for the GST on top of the resonator. Table II also shows a clear effect of the amorphous to crystalline phase transition on the transmission. The increase in the refractive index of GST upon crystallization increases the averaged out effective refractive index of the ring by 0.0003, producing a red shift of k cryst À k amorph ¼ 168 pm, while the higher absorption coefficient increases the losses a in the resonator (thus decreasing s and the Q factor). As expected, the transmission coefficient t, which only depends on the coupling efficiency between the waveguide and the resonator, remains the same in all cases. Finally, labelling the amorphous phase as the "off" state and the crystalline one as the "on" state, the combination of both effects produces a modulation of 12.36 dB at k ¼ 1550.384 nm. In this case, the insertion loss in the "on" state is À2.5 dB.
All of the aforementioned measurements were static, but it is also interesting to investigate the time response of the device. For this purpose, the ASE source was replaced by a tunable laser (HP 8168F) and the OSA by a fast photodiode (ThorLabs PDA8GS, < 1 ns rise time). In this way, the laser was tuned at the respective k res of the amorphous/crystalline state and using 0.4 mW of optical power the response of the device during one crystallization/reamorphization pulse was monitored by an oscilloscope (see Fig. 5 ). The dynamics of this response can be understood if one considers the light induced phase transition of the GST film as well as thermal effects in the Si resonator following light absorption in the GST. Note that in this experiment, the former can be generated by the pump beam while the latter by both the pump and probe laser. Let us first consider the Si resonator without GST. In this case, the above effects are not present (absence of PCM). In addition, the thermo-optic effect due to only Si absorption is experimentally confirmed to be negligible. For the Si resonator with GST, when the switching laser pulse reaches and is absorbed by the amorphous GST, it heats it up, thus starting to induce crystallization, and at the same time causing a red-shift of the resonance (observed as an increase in transmission in Fig. 5(a-ii) ). As a consequence of this red-shift, the resonating optical power of the probe in the resonator is reduced, as well as the heating due to its absorption in the GST. Therefore, a blue-shift of the resonance occurs, causing a drop in transmission ( Fig. 5(a-iii) ). This blue-shift once again increases the optical power resonating inside, and therefore, a new red-shift occurs, until, after approximately 5 ls, all the induced effects have reached a steady state condition ( Fig. 5(a-iv) ). When the initial phase is crystalline the dynamics are similar except that they are generated with a shorter pump pulse (20 ns), and that the final resonant wavelength is shorter than the probe one (Figs. 5(b-v)-5(b-viii) ).
In conclusion, we have demonstrated that the optical contrast of PCMs thin films can be used to reversibly tune the resonances in a Si racetrack resonator between two welldefined states. Using this effect, which is triggered by means of optical pulses from an infrared laser diode, we have achieved an optical switch with an on/off ratio higher than 12 dB and response times of approximately 5 ls, operating at telecommunication wavelengths. By using heat-sinking structures with high thermal conductivity the time response of the device could be enhanced and limited only by the phase transition times of PCMs, while optimization of the microring and GST geometries could reduce the insertion loss well below 1 dB.
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